[1] Seventeen inorganic germanium and silicon concentration profiles collected from the Atlantic, southwest Pacific, and Southern oceans are presented. A plot of germanium concentration versus silicon concentration produced a near-linear line with a slope of 0.760 × 10 −6 (±0.004) and an intercept of 1.27 (±0.24) pmol L −1 (r 2 = 0.993, p < 0.001). When the germanium-to-silicon ratios (Ge/Si) were plotted versus depth and/or silicon concentrations, higher values are observed in surface waters (low in silicon) and decreased with depth (high in silicon). Germanium-to-silicon ratios in diatoms (0.608-1.03 × 10 ) collected from the Southern Ocean are also presented and show clear evidence for Ge/Si fractionation between the water and opal phases. Using a 10 box model (based on PANDORA), Ge/Si fractionation was modeled using three assumptions: (1) no fractionation, (2) fractionation using a constant distribution coefficient (K D ) between the water and solid phase, and (3) fractionation simulated using Michaelis-Menten uptake kinetics for germanium and silicon via the silicon uptake system. Model runs indicated that only Ge/Si fractionation based on differences in the Michaelis-Menten uptake kinetics for germanium and silicon can adequately describe the data. The model output using this fractionation process produced a near linear line with a slope of 0.76 × 10 −6 and an intercept of 0.92 (±0.28) pmol L −1 , thus reflecting the oceanic data set. This result indicates that Ge/Si fractionation in the global ocean occurs as a result of subtle differences in the uptake of germanium and silicon via diatoms in surface waters.
Introduction
[2] The cycling of inorganic germanium (hereafter referred to as germanium) in the ocean closely resembles that of silicon [Froelich and Andreae, 1981; Ellwood and Maher, 2003] . Profiles of dissolved germanium concentration versus depth are almost identical to that of silicon, and when the two are plotted against each other a near linear relationship (r 2 = 0.99, p < 0.001) is obtained [Ellwood and Maher, 2003; Froelich and Andreae, 1981; Froelich et al., 1989; McManus et al. 2003; Santosa et al., 1997] . Although germanium mimics silicon in the ocean, differences in geochemical behavior occur. For example, in rivers the germanium-to-silicon ratios (Ge/Si) range between 0.1 and 1.2 × 10 −6 [Filippelli et al., 2000; Froelich et al., 1992; Mortlock and Froelich, 1987] , whereas hydrothermal sources have a range of 8-14 × 10 −6 [Mortlock et al., 1993] . [3] In addition to its inorganic cycle, germanium is also known to be present in seawater as monomethylgermanium (MMGe) and dimethylgermanium (DMGe) [Ellwood and Maher, 2003; Jin et al., 1991; Lewis et al., 1985] . Both MMGe and DMGe are nonreactive, which results in both compounds having conservative concentration profiles versus depth. MMGe and DMGe concentration profiles range between 300 and 350 pmol L −1 and 90-120 pmol L −1 , respectively [Ellwood and Maher, 2003; Lewis et al., 1989 Lewis et al., , 1986 Lewis et al., , 1985 . Although MMGe and DMGe concentrations are considerably higher than that of inorganic germanium in surface waters, they do not appear to be produced or degrade on a timescale that is likely to influence the inorganic germanium cycle. Essentially, they are biologically and chemically inert under normal oceanic conditions [Lewis et al., 1989 [Lewis et al., , 1988 .
[4] Siliceous organisms, such as diatoms, can be measured for Ge/Si × 10 −6 giving insight into processes related to oceanic circulation of nutrients and potentially the historical distribution of silicon King et al., 2000; Froelich et al., 1992; Mortlock and Froelich, 1987; Hammond et al., 2000] . Several studies have shown that small diatoms (10-40 mm) isolated from Holocene sediments appear to accurately reflect their surrounding seawater Ge/Si Shemesh et al., 1988 Shemesh et al., , 1989 . Accordingly, the Ge/Si record for the Southern Ocean was reconstructed for ∼450,000 years showing distinct differences between the interglacial (0.70-0.78 × 10 −6 ) and glacial periods (0.45-0.60 × 10 −6 ) [Bareille et al., 1998; Mortlock et al., 1991] . The decline in the Ge/Si during glacial periods has been explained as either an increase in silicon or decrease in germanium input to the ocean and has been rationalized by the potential for changes in weathering [Froelich et al., 1992; Kurtz et al., 2002] . However, it is difficult to predict changes in these elemental inputs simply by investigating the Ge/Si since neither of the historic oceanic inventories can be constrained. Recent investigations have also challenged that the interglacial-glacial Ge/Si fluctuations may simply represent changes in the amount of germanium lost from the ocean via the nonopaline sink [Hammond et al., 2004 [Hammond et al., , 2000 King et al., 2000; McManus et al., 2003] . Further, it has been suggested that diatoms do discriminate against germanium during uptake [Murnane and Stallard, 1988; Froelich et al., 1989 , Azam et al., 1973 Azam and Volcani, 1974] ; especially notable in the frustules of larger diatoms (>40 mm) and when silicon concentrations of seawater are low [Ellwood and Maher, 2003] . This discrimination against germanium would cause a fractionation between the Ge/Si of seawater and diatoms.
[5] Ellwood and Maher [2003] observed that inorganic silicon relative to germanium was depleted in surface waters and implied that germanium uptake and/or sequestration is discriminated by phytoplankton, namely diatoms. However, previous work on the uptake of germanium and silicon in diatoms has yielded mixed conclusions on germanium discrimination. For example, Froelich et al. [1992] found that germanium discrimination does not occur when diatoms are grown in a medium high in silicon concentration (100 mM). Alternatively, Shemesh et al. [1989] found that large diatoms (>38 mm) tend to have lower Ge/Si than small diatoms, and Mehard et al. [1974] found that Ge/Si fractionation occurs at the organelle level.
[6] The current study examined inorganic germanium and silicon concentration profiles collected worldwide and Ge/Si × 10 −6 data from diatoms collected in the Southern Ocean. The Southern Ocean was chosen as the field site for the collection of coupled diatom and seawater data as it is a "natural" laboratory for oceanic silicon research with concentration gradients stratified by latitude (higher concentrations at higher latitudes). A 10 box model (based on PANDORA [Broecker and Peng, 1987] ) run as an open system is used to model Ge/Si fractionation. Three types of fractionation were considered including (1) no fractionation, (2) Rayleigh distillation with a constant distribution coefficient (K D ), and (3) Michaelis-Menten process with a variable K D .
Methods

Seawater and Diatom Sample Collection
[7] Seawater samples were collected using Niskin bottles attached to a standard rosette conductivity-temperaturedepth (CTD) unit from 17 locations in the Atlantic Ocean, South Pacific Ocean and the Southern Ocean ( Figure 1 and Table 1 ). After collection, samples were filtered through polycarbonate 0.45 mm filters (Millipore) and stored in acidcleaned, low-density polyethylene bottles.
[8] Diatom samples were collected by filtering 100 L of seawater through 11, 40 and 63 mm polycarbonate filters (Millipore). The phytoplankton were washed from the polycarbonate filters using deionized water and placed into 50 mL polypropylene vials along with 5 mL of 10% hydrogen peroxide to remove any organic material. These samples were then rinsed with deionized water, digested in 10 mL hydrochloric acid and hydrogen peroxide (1 mol L −1 / 10%) and then rinsed again with deionized water and let to dry overnight at 40°C. Samples were inspected microscopically prior to dissolution to ensure that the majority (>95%) of material was diatomaceous and to ensure that there was no clay contamination. The 11-40 mm size fraction was then prepared and measured for both silicon and germanium content.
Silicon Determination
[9] The concentration of silicon in seawater and diatom samples was determined colorimetrically [Koroleff, 1976] using matrix-matched standards to correct for matrix effects. Reproducibility for diatom samples dissolved in NaOH (see section 2.4) was ±2.5% (n = 10) at a concentration of 1000 mmol L −1 and was ±1% (n = 10) for seawater samples at a concentration of 20 mmol L −1 . The absolute blank for determination of silicon in NaOH digest was <10 mmol L −1 and <0.25 mmol L −1 for seawater.
Germanium in Seawater
[10] Germanium concentrations were determined by isotope dilution using an automated hydride generation system attached to an inductively coupled mass spectrometer (ICP-MS, Elan-6000, Perkin Elmer, Australia) following the method outlined by Ellwood and Maher [2002] . Briefly, 40 ± 0.001 g of seawater was spiked with enriched 70 Ge with a target 70 Ge/ 74 Ge of 4. Hydrochloric acid (0.09 mol L −1 , SigmaAldrich) and oxalic acid (0.01%, Fluka) were added to the spiked sample.
[11] Reproducibility for seawater samples was ±3.5% (n = 10) at a germanium concentration of 150 pmol L −1 . The absolute germanium blank associated with the determination of germanium was 0.6 ± 0.1 pmol L −1 (S.E.) for seawater (n = 10).
Germanium in Diatoms
[12] Germanium concentrations were determined by isotope dilution using an automated hydride generation system attached to an inductively coupled mass spectrometer (ICP-MS, Elan-6000, Perkin Elmer, Australia) following the method outlined by Ellwood and Maher [2002] . Approximately 10-20 mg of diatom material were dissolved by adding 40 ± 0. Ge of our target, around 4.
[13] Reproducibility of Ge for diatomaceous earth (consistency standard) samples was ±3% (with the blank representing <1% of the total Ge signal) and 15 ± 1.0 pmol L −1 (S.E.) for diatoms (n = 10).
Ten Box Model (PANDORA)
[14] To model silicon and germanium cycling in the ocean we set up a 10 box model with specific architectural components (box size, water exchange between boxes, and residence time of silicon in the surface ocean) based on the PANDORA model of Broecker and Peng [1987] (Figure 2 ). The inputs and outputs for silicon and germanium in to and out of the model are as follows: the flux of silicon entering the ocean was set to 7.1 × 10 12 moles yr −1 and was composed of four sources: riverine (5.6 × 10 12 moles yr −1 ), hydrothermal (0.55 × 10 12 moles yr
), submarine weathering (0.4 × 10 12 moles yr −1 ) and eolian (0.5 × 10 12 moles yr −1 ) [DeMaster, 2002; Hammond et al., 2004; King et al., 2000; Treguer et al., 1995] . The model was then initiated and the remineralization efficiency of biogenic opal adjusted such that the overall steady state amount of silicon residing within the ocean was 9.5 × 10 16 moles, which is equivalent to an average silicon concentration of 70 mmol L −1 [Treguer et al., 1995] . For germanium, we set the input flux to 9.5 × 10 6 moles yr −1 , composed of four sources: riverine (3.0 × 10 6 moles yr −1 ), hydrothermal (6.0 × 10 6 moles yr −1 ), submarine weathering (0.2 × 10 6 moles yr −1 ) and eolian (0.3 × 10 6 moles yr
) [Hammond et al., 2004] . Within the model we assumed that the loss of germanium from the ocean was via biogenic particles and via nonbiotic processes [Hammond et al., 2000 [Hammond et al., , 2004 King et al., 2000] . For simplicity the nonbiotic process was treated as a first-order removal process and then adjusted such that at steady state the overall oceanic Ge:Si ratio equaled 0.76 × 10 −6 ; as observed in Figure 4 . It should be noted that the nonbiotic germanium sink is actually a surface water removal process, but because it arises from silicon remineralization from sediments unaccompanied by germanium [Hammond et al., 2000; King et al., 2000] , we chose to treat it as a firstorder removal process independent of Si. The percentage of germanium lost via nonbiogenic processes is 45% assuming no fractionation.
[15] The next step was to incorporate Ge/Si fractionation into the model during opal formation. Ge/Si fractionation can be modeled based on three assumptions:
[16] 1. No Ge/Si fractionation occurs in surface waters. Global locations (Globe) are described to distinguish Antarctic (ANT), South Pacific (SP) and Atlantic (AT) oceans.
[17] 2. Ge/Si fractionation occurs because there is a constant discrimination of germanium during opal formation [Murnane and Stallard, 1988; Froelich et al., 1992] . This can be expressed as:
where Ge/Si diatom is the Ge/Si of diatom frustules, K D is the distribution coefficient, set to 0.5 [Murnane and Stallard, 1988] in the model, and Ge/Si seawater is the Ge/Si of seawater with each surface box.
[18] 3. Ge/Si fractionation occurs during uptake by diatoms via a Michaelis-Menten process. This logic assumes that germanium uptake is passive to the silicon transport system but is taken up at a slower rate than silicon [Ellwood et al., 2006] . The equation to describe this relationship is expressed as:
where Km Ge and Km Si are half-saturation constants for the uptake of germanium and silicon, respectively, V Gemax and V Simax are the maximum uptake rates for germanium and silicon, respectively, and [Si] is the concentration of silicon. Because it is assumed that both germanium and silicon are taken up via a single transport system and that germanium behaves like an isotope of silicon (V Gemax = V Simax .); in this expression the only difference between germanium and silicon are the half-saturation constants with Km Ge being larger than Km Si [Ellwood et al., 2006] .
Results
Germanium and Silicon Concentrations in Seawater
[19] Seventeen profiles of dissolved inorganic germanium concentration versus depth are presented in Figure 3 along with the corresponding depth profiles for dissolved silicon concentrations (see Data Set S1 for raw data).
1 The main feature of these profiles is an increase in germanium concentration, and hence silicon concentration, with depth. An additional feature of these profiles is the low concentrations of germanium and silicon in Atlantic samples compared to the South Pacific and Southern Ocean samples, which is consistent with previous germanium and silicon measurements for these oceanic basins. In addition, the Atlantic data showed that the more southern stations, e.g., PS69/26, had higher germanium concentrations at depth than the more northern stations. At station PS69/26, the influence of Antarctic Intermediate Water and Antarctic Bottom Water can be seen at about 1000 m and below 4000 m, respectively. The southward increase in germanium concentration is consistent with other nutrient measurements for this oceanic basin, e.g., nutrients' results from the GEOSECS program. Figure 2 . PANDORA 10 box model "which operates something like the real system" [Broecker and Peng, 1987] . Blue lines indicate water flow, and values are in Sv. Red lines indicate opal export from the surface ocean and are based on values from Broecker and Peng [1987] . Green lines indicate the four major oceanic germanium and silicon inputs (riverine, hydrothermal, eolian, and submarine weathering), whereas the purple arrow represents germanium loss via a nonbiological sink. The numbers in italics indicate the percentage of Si and Ge (with brackets) regenerated from biogenic opal dissolution within the water column and at the seafloor. Abbreviations for oceanic region are [20] Using the seventeen profiles, the global oceanic relationship between dissolved germanium and silicon has been determined (Figure 4 ). Germanium and silicon concentrations are tightly coupled in oceanic water as can be seen by the strong positive relationship in Figure 4a (Ge = 0.760 × 10 −6 ± 0.004[Si] + 1.27 ± 0.24, p < 0.001, r 2 = 0.993). The regression on the Ge/Si data yields a positive germanium intercept that is not a function of analytical error or bias (uncertainty in blank is 0.6 ± 0.1 and scatter in data about the regression is greater than propagated error) and is consistent with published work Ellwood and Maher, 2003] . The nonzero intercept for germanium requires that at relatively low silicon concentrations the Ge/Si will increase. Figures 4b and 4c highlight this relationship. For waters shallower than 1000 m (Figure 4b ) and when silicon concentrations drop below ∼10 mmol L −1 (Figure 4c ) the Ge/Si increases indicating greater consumption of silicon by siliceous organisms relative to that of germanium.
[21] More detailed examination of the oceanic Ge/Si data suggests that the apparently strong linear relationship, mentioned above, curves at low concentrations (Figure 4d) . In short, these data consistently show that waters low in silicon concentration (<10 mmol L −1 ) sampled worldwide have relatively more germanium than waters at higher silicon concentrations. The low silicon concentrations data fit to a weighted curve (second-order polynomial, r 2 = 0.99, p < 0.001) and appears to resolve the positive Ge intercept to near-zero at very low silicon concentrations.
[22] Enrichment of germanium is highlighted by comparing geographically distinct profiles that are either nutrient replete or deplete ( Figure 5 ). Specifically Ge/Si depth profiles north (Figure 5a ) and south (Figure 5b ) of the Antarctic Polar Front (APF), respectively. Surface waters low in silicon are relatively enriched in germanium, e.g., station ST148 located in the subantarctic zone, whereas surface waters high in silicon are not germanium-enriched, e.g., stations located south of the APF (ST011, ST037, ST063, ST081, ST083, ST103). Profiles for the Atlantic and the southwest Pacific oceans (Figures 5c and 5d ) reveal a similar pattern with germanium-enriched relative to that of silicon in surface waters.
Germanium and Silicon in Diatoms
[23] Coupled diatom and seawater Ge/Si data from the Southern Ocean are plotted versus silicon concentration are presented in Figure 6 . The Ge/Si in seawater becomes higher as the concentration of silicon decreases (see Figure 4b for worldwide signal), whereas the diatom Ge/Si remains constant ( Figure 6 ). Furthermore, the data clearly show a strong association between diatom and seawater Ge/Si when dissolved silicon concentrations are above 5 mmol L −1 . However, the diatom Ge/Si sharply deviates from the seawater Ge/Si below a dissolved silicon concentration of 5 mmol L −1 . At this low silicon concentration the diatoms maintain a Ge/Si of on average 0.78 (±0.02) × 10 −6 while the surrounding waters have a Ge/Si of 1.17 (±0.10) × 10 −6 to 7.46 (±0.80) × 10 −6 (see Table 2 ). The only mechanism to adequately describe these data would require that diatoms discriminate against germanium when dissolved silicon concentrations are low. [24] The average Ge/Si for diatoms did not vary from a value of 0.78 × 10 −6 (std. error of all the samples is similar to the analytical error of ±0.02), and is within error of the global oceanic Ge/Si of 0.76 × 10 −6 . An increase in germanium discrimination at low silicon is consistent with model results of the global data set. The diatom size fraction of 11-40 mm does reflect seawater Ge/Si at higher silicon concentrations (>5 mmol L −1 ) but at lower silicon concentrations it does not. One possibility is that fragments from larger diatoms (>40 mm) and/or silicoflagellates, that are known to strongly discriminate against germanium , were dissolved, even though care was taken to avoid this situation.
[25] In order to investigate this apparent discrimination further, Figure 7 presents the observed K D values (0.16-1.05) with four possible models to describe the data. Also presented are the locations of the Subantarctic Front (SAF) and the Antarctic Polar Front (APF) (with respect to measured silicon values). The observed data shows large K D values for samples collected in a low-silicon environment (<5 mmol L −1 ) as opposed to samples collected from a highsilicon environment (>5 mmol L −1 ). The predicted values presented in Figure 7a assume that the Km for both germanium and silicon is the same and yields a model that would have no observable fractionation between seawater and diatoms. This model clearly does not fit the observed data. Figures 7b-7d present models that assume variable fractionation of Ge/Si based on changing the Km values for both germanium and silicon. The predicted values presented in Figure 7d appear to best fit that observed values, however, experimental evidence is required in order to establish whether these Km values are appropriate and can be used. 
Modeling Ge/Si Fractionation Using PANDORA
[26] The following is based on the steady state results using three fractionation scenarios modeled using a 10 box model ( Figure 8 and Table 3 ).
[27] When no fractionation is assumed ( Figure 8a ) the mode produces a linear relationship with small fractionation away from the global ratio 0.76 × 10 −6 . For the surface Atlantic, intermediate Indo-Pacific and the intermediate Atlantic, Ge/Si ratios were below the global average, whereas for the North Atlantic and deep Atlantic boxes, Ge/Si ratios were above the global average (Table 3) . A plot of germanium versus silicon produced a linear relationship with small positive intercept (Ge = 0.758 × 10 −6 ± 0.003[Si] + 0.08 ± 0.16, r 2 = 1.00). While an intercept and variations in water Ge/Si are produced these are due to the differences in the Ge/Si for respective source inputs and the large nonbiotic germanium sink. Hammond et al. [2004] indicated that a significant portion of germanium is lost along coastal margins; however, the 10 box model used here does not simulate marginal processes very well, hence, we simulated these losses as occurring in deep waters, i.e., the deep Atlantic, Antarctic and Pacific. As a sensitivity analysis we Voyage/ID identifies the research voyage and station ID for collected samples. Samples were collected over a summer voyage (V3) and an autumn voyage (V6). Several samples were not collected at a particular station and have been described as underway. Errors presented here represent the reproducibility error for Ge/Si. See section 2 for reproducibility of germanium and silicon analyses in oceanic waters and diatoms. Asterisk denotes potentially contaminated sample (not included in discussion). (Table 3) . However, a plot of germanium versus silicon produced a linear relationship but with a negative intercept (Ge = 0.776 × 10 −6 ± 0.006[Si] − 0.95 ± 0.36, r 2 = 1.00). These results show that PANDORA is sensitive to the location of germanium inputs and losses within the model. However, in all runs the Ge/Si of each box were either close to the global 0.76 × 10 −6 ratio or lower; with none of the model ratios nearing values measured for in surface waters (Figures 5 and 6) .
[28] When fractionation is introduced using a constant fractionation factor (K D = 0.5), a curved germanium versus silicon concentration relationship was obtained (Figure 8b) , consistent with that reported by Froelich et al. [1992] , but clearly it does not fit the observed data. A nonzero intercept for the germanium versus silicon concentration relationship is produced. Using this model, only 4 of the 10 respective oceanic regions can be adequately described (Table 3) .
[29] When the model was run with Ge/Si fractionation occurring as result of Michaelis-Menten processes, a linear relationship is obtained along with a positive nonzero germanium intercept (Figure 8c ). The nonzero intercept is significant and is similar in magnitude to the size of the intercept obtained from the observed data set. In addition, the Ge/Si produced are similar for measured ratios within the global ocean data set (Table 3) . [Ellwood and Maher, 2003; Froelich and Andreae, 1981; Froelich et al., 1989; McManus et al., 2003; Mortlock and Froelich, 1996; Santosa et al., 1997] . While some of these intercept values come from older data sets obtained using the less sensitive hydride generation atomic adsorption spectrometry technique, which may have contained a hidden internal blank [Mortlock and Froelich, 1996] , intercept values obtained for data sets generated using the more sensitive HG-ICP-MS technique also produced a statistically nonzero values. Such a nonzero intercept, whatever the measurement technique used, has been inferred as evidence for germanium discrimination during silicon uptake by siliceous organisms [Murnane and Stallard, 1988] .
Ge/Si Discrimination by Diatoms
[31] At silicon concentrations below ∼5 mmol L −1 the Ge/Si increases significantly indicating potential significant germanium discrimination by phytoplankton as silicon is consumed. In the young, nutrient-depleted North Atlantic waters (Figure 5 ), the Ge/Si for the upper water column is well above the value of 0.76 obtained from the global germanium versus silicon relationship (Figure 4a ). This enrich- ment is consistent with the prediction of Ellwood and Maher [2003] who suggested that Ge/Si fractionation in the ocean should be most obvious in the young nutrient-depleted waters of the Atlantic Ocean. A plot of Ge/Si versus silicon concentration ( Figure 4b ) also highlights that there is significant Ge/Si fractionation as the concentration of silicon decreases.
[32] The Ge/Si results for diatoms collected along a silicon gradient (Figure 6 ) also show that small diatoms (11-40 mm) do not reflect the seawater Ge/Si at very low concentrations of silicon (<5 mmol L −1 ). These data show that diatoms will preferentially strip silicon from the water, relative to germanium, in order to build their frustules. It is known that large diatoms as well as other siliceous organisms (silicoflagellates and sponges) discriminate against germanium Ellwood et al., 2006] . The most likely mechanism leading to Ge/Si fractionation is discrimination against germanium during silicon uptake, especially when silicon concentrations are growth limiting.
[33] An argument in support of the physiological control of silicon and germanium uptake is not new. Thamatrakoln and Hildebrand [2008] presented empirical evidence suggesting that diatoms used two different systems for the uptake of both silicon and germanium. The first system suggested that both germanium and silicon uptake relied completely on active transport by silicon transporters when external silicon concentrations were low (<10 mmol L −1 ). However, the concentration of silicon relative to germanium was much higher within the diatom than the media in which they grew. This evidence simply reaffirmed the view that germanium is a competitive inhibitor of silicon metabolism at the site of silicon transport [Azam et al., 1973; Azam and Volcani, 1974; Simpson et al., 1979; Puerner et al., 1990] . The second system presented by Thamatrakoln and Hilderbrand [2008] employs diffusion as a mechanism to control silicon uptake, based on the concentration gradient between the extracellular and intracellular pools, when external silicon concentrations were high (>30 mmol L −1 ). They discovered that in the second system that both germanium and silicon were nonsaturable with the relative concentrations within the cell accurately reflecting the concentrations outside of the cell. Further evidence is required before proper assessment of the mechanism behind discrimination is understood but most of the evidence presented herein points to Ge/Si fractionation occurring during active silicon transport into the cell.
Modeling Ge/Si Fractionation in the Ocean
[34] The modeling of Ge/Si fractionation during the biomineralization of opal has been typically described using a Rayleigh distillation model [Froelich et al., 1992 ]. While this model has been used extensively to describe isotope fractionation, it is not necessarily appropriate to model germanium and silicon uptake by diatoms. Out of the three different assumptions for Ge/Si fractionation tested using the 10 box model (based on PANDORA) discussed herein, neither the Rayleigh distillation process (K D = 0.5; see Figure 8b ) nor the no fractionation (K D = 1, see Figure 8a ) assumption yielded a model that fit with the observed oceanic data set. The major drawback to using either the Rayleigh distillation or no fractionation assumptions is that the K D between the solid and the aqueous phases remain constant.
[35] Out of the three assumptions presented, the only assumption to adequately describe the observed data assumed a Michaelis-Menten process with changes in K D dependent on silicon concentration (Figure 8c ). The assumption that Ge/Si fractionation is variable and dependent on silicon concentration was verified in Ge/Si discrimination by diatoms and has also been previously examined by Ellwood et al. [2006] in siliceous sponges. This result of silicon-dependent fractionation implies that diatoms physiologically control the assimilation, and therefore cycling, of germanium relative to silicon.
Implications of Ge/Si Fractionation for Paleoreconstruction of Silicon
[36] The Ge/Si record for core RC13-259 spanning the last 450,000 years shows systematic interglacial-glacial variations with interglacial frutusles having Ge/Si values of 0.7-0.8 × 10 −6 and glacial frustules having Ge/Si values of 0.45-0.6 × 10 −6 [Mortlock et al., 1991; Froelich et al., 1992] . Current thinking suggests that these interglacialglacial Ge/Si fluctuations represent changes in the amount of germanium lost from the ocean via nonopaline sink [Hammond et al., 2004 [Hammond et al., , 2000 King et al., 2000; McManus et al., 2003] . However, these theories require the Ge/Si of fossil diatoms obtained from this Southern Ocean site to faithfully record changes in the seawater Ge/Si. Based on data presented in Figures 6 and 7 , we believe that the Ge/Si record from the RC13-259 core site does indeed faithfully record the global seawater Ge/Si because it is unlikely the surface water silicon concentration at this site has dropped below about 10 mmol L −1
; the current surface water silicon concentration at this site is ∼20 mmol L −1 . Thus Ge/Si fluctuations for this core site either represent changes in global inventory of silicon (increased during glacial times) or germanium (decreased during glacial times) or a combination of the both [Froelich et al., 1992; Hammond et al., 2004 Hammond et al., , 2000 King et al., 2000; McManus et al., 2003] .
Conclusions
[37] Seventeen new germanium concentration profiles collected from the Atlantic Ocean, the southwest Pacific Ocean, and Southern Ocean show similar characteristics to those of silicon. When germanium concentration is plotted versus silicon concentration a near linear relationship was obtained with slope of 0.76 × 10 −6 and an intercept of 1.27 pmol L −1 . However, when the Ge/Si × 10 −6 was plotted versus depth or silicon concentration, higher values were observed in surface waters where silicon concentrations were low. Coupling seawater and diatom Ge/Si × 10 −6 data provides evidence that germanium discrimination is occurring during silicon uptake by diatoms. Modeling of the germanium-silicon data set using a 10 box model presented suggests that the only type of fractionation to adequately describe the observed data result from a subtle difference during uptake via a Michaelis-Menten process. This implies biological control over the uptake and therefore cycling of germanium and silicon in the ocean. This conclusion has obvious implications for paleonutrient reconstructions using the Ge/Si × 10 −6 , the silicon isotope and the germanium isotope signatures of diatom opal.
